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The exhaust from vehicles pollutes the environment and contributes to global 
warming, acid rain, smog, odors, respiratory and other health problem. This thesis 
aims to design a novel system of exhaust gas recirculation (EGR) system for diesel 
engine. A full system of EGR was built based on the design to reduce the exhaust 
temperature back to the combustion chamber in order to reduce the NOx emission. 
The new technique design consists of pipe, heat exchanger, valve and flow meter. 
The experiment used a diesel engine Mitsubishi 4D68 operated with diesel fuel and 
PME100 fuel. A gas analyzer was used to measure the emission level on the diesel 
engine. The experiment was conducted to identify the effect of the quantity of NOx 
emissions in diesel engine using EGR, new EGR and without EGR. The results of 
the emissions level on exhaust gas using EGR, new EGR and without EGR are 
compared. Result shows that NOx emission level using EGR is lower than using new 
EGR and without EGR. This is because the exhaust temperature is low when using 
EGR. The NOx concentration was reduced due to the decreasing exhaust 
temperature. The new EGR did not reduce enough exhaust temperature compared to 
the original EGR. However, compared to not using EGR, the new EGR still reduced 
the NOx emission. Finally, the study conforms to its objective where it provides a 
new and effective technique of EGR that reduces the NOx concentration in diesel 
exhaust. This study is conducted in order to design a new heat exchanger and a more 
effective cooling system made with different materials. The experiment was 




















Pada zaman sekarang perlepasan asap ekzos kenderaan menyebabkan pencemaran 
alam sekitar dan menyumbang kepada pemanasan global, hujan asid, jerebu, 
pencemaran bau, masalah kesihatan pernafasan dan lain-lain. Tesis ini bertujuan 
untuk mereka bentuk satu sistem baru gas ekzos edaran semula (EGR) untuk enjin 
diesel. Sistem EGR yang baru dibina berdasarkan reka bentuk untuk mengurangkan 
suhu ekzos untuk kembali ke kebuk pembakaran bagi mengurangkan perlepasan gas 
NOx. Teknik reka bentuk sistem yang baru terdiri daripada paip, penukar haba, injap 
dan meter aliran ekzos. Ekperimen ini menggunakan enjin Mitsubishi 4D68 diesel 
yang beroperasi dengan minyak disel dan bahan api PME100. Penganalisa gas 
digunakan untuk mengukur tahap pencemaran perlepasan gas ekzos pada enjin 
diesel. Tujuan ekperimen ini dijalankan adalah untuk mengetahui kesan kuantiti 
pengeluaran NOx dalam enjin diesel apabila menggunakan EGR, EGR baru dan 
tanpa menggunakan EGR. Hasilnya nanti akan menunjukkan perbandingan tahap 
perlepasan gas ekzos menggunakan EGR, EGR baru dan tanpa EGR. Tahap 
perlepasan NOx adalah lebih rendah apabila menggunakan EGR berbanding dengan 
menggunakan EGR baru dan tanpa EGR. Ini adalah kerana suhu ekzos adalah lebih 
rendah apabila menggunakan EGR. kepekatan NOx berkurang disebabkan penurunan 
suhu ekzos. EGR baru tidak cukup untuk mengurangkan suhu ekzos berbanding 
dengan EGR asal. Tetapi ia masih boleh mengurangkan perlepasan NOx jika 
dibandingkan dengan tanpa menggunakan EGR. akhirnya kajian ini menyokong 
objektif dengan  menunjukkan keberkesanan teknik baru EGR untuk mengurangkan 
kepekatan NOx dalam ekzos enjin diesel. Selain itu, kajian ini dirancang untuk 
menukar rekabentuk penukar haba yang baru, dengan jenis yang lain, diperbuat 
daripada bahan lain dan sistem penyejukan yang lebih effektif. Dan kajian ini juga 
akan dijalankan menggunakan pelbagai jenis minyak pada kelajuan enjin yang 
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 Exhaust gas recirculation system (EGR) is one of the techniques to reduce a 
nitrogen oxide emission on internal combustion engines. EGR works by re-
circulating a portion of an engine exhaust gas back to the engines cylinders from 
intake manifold. EGR is effective to reduce nitrogen oxides (NOx) from diesel 
engines because it lowers the flame temperature and the oxygen concentration of the 
working fluid in the combustion chamber (M.Zheng et al., 2003). In a diesel engine, 
the exhaust gas replaces some of the excess oxygen in the pre-combustion mixture. 
NOx forms primarily when a mixture of nitrogen and oxygen is subjected to high 
temperature. The low temperature in the combustion chamber is caused by EGR 
because it reduces the amount of NOx when the combustion generates. EGR is used 
in modern diesel engine to reduce NOx emissions. 
 
 Diesel engines have inherently high thermal efficiencies because of their high 
compression ratio and fuel lean operation. The high compression ratio produces the 
high temperature required to achieve auto-ignition. The result of high expansion ratio 
makes the engine discharge less thermal energy in the exhaust. The extra oxygen in 
the cylinder is necessary to facilitate complete combustion and to compensate for 
non-homogeneity in the fuel distribution (M.Zheng et al.,2003). In fact, partial 
recirculation of exhaust gas which is not a new technique, has recently become 





1.2 PROBLEM STATEMENT  
 
 Until the introduction of the EPA 2004 emission standards, the manufacturers 
of truck diesel engine had successfully avoided using exhaust gas recirculation 
(EGR) system. However, things changed and from 2007 onward, all diesel engine 
OEMs used some form of EGR though they did not call it EGR because EGR 
concerns emissions control. The emissions until today pollute the environment and 
contribute to global warming, acid rain, smog, odors and respiratory and other health 
problem (Willard 2003). Diesel engine is a major source for air pollution. It’s 
contains oxides of nitrogen (NOx) carbon monoxide (CO), hydrocarbon (HC), carbon 
dioxide (CO2), oxygen (O2) and particulate matter (PM). 
 
 High combustion temperatures produce nitrogen oxide (NOx), a constituent of 
zone. There are two ways to reduce peak combustion temperatures: Spark control 
system and Exhaust Gas Re-circulation (EGR) systems (Mike and Hynes 2005). 
From the two ways, EGR system is found to be a better way to control NOx. EGR 
systems reduce peak combustion temperatures by diluting the incoming air/fuel 
mixture with small amount of “inert” (won’t undergo a chemical reaction) exhaust 
gas. Six to 14 percent concentration of exhaust gas, routed from the exhaust system 
to the intake manifold, mixed with the air/fuel mixture entering each cylinder, and 
reduced the mixture’s ability to produce heat during combustion (Mike and Hynes 
2005). 
  
1.3 PROJECT OBJECTIVE 
 
The objective of this project is to design a novel system of EGR for diesel engine. 
 
1.4 PROJECT SCOPE 
 
The scope of this experiment is: 
i. Design of the new techniques of EGR system 
ii. Fabricate the EGR system 
iii. Conduct experimental works 
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iv. Get the data analysis 
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 This chapter presents an introduction of diesel engine, effect of exhaust gas 
recirculation system on diesel engine and effect of cooling the re-circulated exhaust 
gas. This chapter also describes the design of heat exchanger.  
 
2.2 DIESEL ENGINES 
 
Martynn Randall (2004) stated that the first commercially – successfully 
compression – ignition engine was invented by Rudolf Diesel at the end of the 19th 
century. In 1892, Rudolf Diesel a German engineer perfected the compression-
ignition engine and named it after his name, diesel. The diesel engine uses heat 
created by compression to ignite the fuel. Thus the spark ignition system is not 
requires. The diesel engine requires compression ratios of 16:1 and higher. Heat of 





C). When the piston reaches the top of its compression 
stroke, fuel is injected into the cylinder, where it is ignited by the hot air (Halderman 
2009). In diesel engine, air is not controlled by a throttle as in a gasoline engine. 
Instead, the amount of fuel injected is varied to control power and speed.  
 
Compared to spark ignition engine, diesel engine has the advantages of lower 
fuel consumption, the ability to used cheaper fuel, the potential to produce higher 
power output. Over the decades, diesel engine was widely used for stationary and 
marine applications, but the fuel injection system used was not capable of high – 
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speed operation. This speed limitation and the weight of air compression needed to 
operated the injection equipment, made the first diesel engine unsuitable to be used 
on road- going vehicle.  
   
 The air-fuel mixtures of a diesel as lean as 85:1 at idle. It varies to as rich as 
20:1 at full load. Diesel is more fuel-efficient than a gasoline engine because of 
higher air-fuel ratio and increased compression pressure. Besides that, diesel engine 
does not suffer throttling losses. Throttling losses involve the power needed in a 
gasoline engine to draw air past a closed or partially closed throttle. Diesel engines 
have two-stroke and four stroke versions. The most common two-stroke diesels were 
the truck and industrial engines made by Detroit Diesel (Halderman 2009). In these 
engines, air intake is through poppet valves in the head. A blower pushes air into the 
box surrounding liner port to supply air for combustion and to blow the exhaust 
gases out of the exhaust valves.  Diesel engine is also known as compression ignition 
(CI) engine. The fuel injection into the combustion chamber to the compression 
stroke was very late in the early period of CI engines. 
 
 Due to ignition delay and the finite time required to inject the fuel, 
combustion lasted into the expansion stroke. This kept the pressure at peak levels 
well past TDC. This combustion process is best approximated as a constant pressure 
heat input in an air-standard cycle, resulting in the diesel cycle shown in figure 2.2. 





















     
   (a)          (b) 
 
Figure 2.2: Four stroke cycle on early CI engine on (a) Pressure-specific volume 
coordinate, and (b) temperature-entropy coordinate. 
 
Source: Willard (2003) 
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 During the suction stroke, the inlet valve opens and air enter the cylinder as 
the piston moves from TDC to BDC. When the inlet and exhaust valves are closed, 
the piston compresses the air, and the pressure and temperature rise. When the piston 
is about to reach the TDC, fuel is injected in a finely divided form into the hot 
swirling air in the combustion space. Ignition occurs after a short delay, the gas 
pressure rises rapidly and a pressure wave is set up. Work is done by the gas pressure 
on the piston as the piston sweeps the maximum cylinder volume. During this 
expansion or power stroke, the temperature and the pressure of the burn gas will 
decrease. As the piston approaches the BDC, the exhaust valve opens and the 
products of combustion are rejected from the cylinder during the exhaust stroke. 
Near the TDC, the inlet valve opens again and the cycle repeated (Gupta 2006). 
 
The typical valve timing for a 4 stroke CI engine are as follows: 
 Inlet valve opens about 300 before TDC 
 Inlet valve closes about 500 after BDC 
 Exhaust valve opens about 450 before BDC 
 Exhaust valve closes about 300 after TDC 
 Injection of fuel is about 150 before TDC  
 
 The basic engine cycle for four stroke compression ignition (CI) engine cycle 
is for the first stroke is known as intake stroke where only air goes into the 
combustion chamber without adding fuel to it. It is the same as the intake stroke in a 
spark ignition (SI) engine. For the second stroke or compression stroke, air is 
compressed to increase the pressure and temperature. For this stroke, fuel is injected 
directly into the combustion chamber and will mix with the hot air. The fuel then 
evaporates and self-ignites, thus combustion begins. Combustion is fully developed 
by TDC and continues at a constant pressure until the fuel injection is complete and 
the piston has started to move to BDC (Willard 2003). The third stroke is the power 
stroke where it continues the combustion process end and the piston travel towards 






Figure 2.3: A four stroke diesel engine cycle. 
 
Source: Jack Erjavec (2010) 
 
 Diesel engine uses heat to ignite the fuel by compressing air in the 
combustion chamber. The compression ratio of diesel engines is typically three times 





C when the air intake is compressed. A small amount of diesel fuel then is 
injected into the combustion chamber using the injector spray just before the air is 
fully compressed. The air will instantly ignite the fuel when it reaches a certain 
temperature due to the compression. Meanwhile in power stroke, the piston goes 
down when the combustion increases the heat in the cylinder as a result of the high 
pressure in the chamber. 
 
2.3 EXHAUST GAS RECIRCULATION (EGR) 
 
 The Exhaust gas recirculation system is designed to reduce the amount of 
nitrogen oxides (NOx). This NOx is created by the engine during operating periods 
due to high temperature of combustion. When the combustion temperature exceeds 
2500
o
F, a highly concentrated NOx is formed. The EGR system works by re-
circulating a small amount of exhaust gas back to the combustion chamber through 
the intake manifold where it mixes with the incoming air/fuel charge. The high 
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temperature and the pressure are reduced by diluting the air/fuel mixture under that 
condition. 
 
 The EGR flow has three operating conditions. The first condition is the high 
EGR flow; where it is necessary during cruising and mid range acceleration. This is a 
condition where the combustion temperature is very high. Meanwhile the second 
condition is low EGR flow. Low EGR flow is needed during low speed and light 
load conditions. Finally the third condition is the no EGR flow condition. When the 
engine warms up and idle the wide open throttle, no EGR flow should occur during 





Figure 2.4: Concept of exhaust gas recirculation system 
 
Source: Isuzu Motor (2012) 
  
 Exhaust gas recirculation is use to re-circulate the exhaust gas back to the 
combustion chamber at intake manifold. In other words, to supply exhaust gas to the 
fresh mixture or to the air sucked into the cylinder. The use of exhaust gas 
recirculation is needed to control the production of NOx emission for gasoline and 




 The heat capacity (Cp) of the re-circulated exhaust gas is higher than the heat 
capacity (Cp) of the air. This makes the low temperature increases for the 
same amount of energy release by combustion. 
 Reduction of the O2 partial pressure and therefore, lower oxygen mass inside 
the cylinder, because a portion of the combustion air is replaced by exhaust 
gas with lower oxygen content. 
 Reduction of the combustion speed and therefore lower temperature increase. 
 
 When the combustion temperatures are too high it form a nitrogen oxides 
(NOx). Any measure to decrease NOx and emission lead to reduced the combustion 
temperature. The use of EGR will increased the soot and other solid paniculate 
loading of lubricant oil. Re-introduction of the acidic exhaust gas product (sulfuric 
acid) into the engine will rapidly increase the total acid number (TAN) of the 
lubricant (S.Aldajah et al. 2006)   
 
 Using high exhaust gas recirculation (EGR) rates by increased boost pressure 
to avoid the negative impact on soot emissions is the one efficient method to control 
NOx in order to achieve future emissions limits (Hountalas et al. 2006).  The 
combustion noise and the thermal efficiency of the dual fuel engine are found to be 
affected when EGR is used in the dual fuel engine (Selim 2001).  
 
2.3.1 EGR theory of operation 
 
 The purpose of EGR system is to precisely regulate EGR flow under different 
operating condition. EGR system also has to override flow under conditions which 
would compromise good engine performance. Like the engine load change, the 
precise amount of exhaust gas which must be metered into the intake manifold varies 
significantly. This results in the EGR system operating on a very fine line between 
good NOx control and good engine performance. 
 
 The engine performance will be suffered if too much exhaust gas is metered. 
The engine may knock and will not meet strict emissions standards if too little EGR 
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flows. The EGR ratio is referred as the theoretical volume of recirculated exhaust 




Figure 2.5: Relationship between EGR ratio and engine load 
 
Source: Toyota Motor sales 
 
 EGR system also gives impact on the engine control system (ECS). The ECM 
considers the EGR system as an integral part of the entire engine control system 
(ECS). The ECM is capable of neutralizing the negative performance aspects of EGR 
by programming advanced additional spark and decreased the fuel injection duration 
during periods of high EGR flow. By integrating fuel and spark control with the EGR 
metering system, engine performance and fuel economy can actually be enhanced 
when the EGR system is functioning as designed. 
 
 To regulate exhaust gas flow from the exhaust to the intake manifold, the 
EGR control valve is used by means of a pintle valve attached to the valve 
diaphragm. A ported vacuum signal and calibrated spring on one side of the 
diaphragm are balanced against atmospheric pressure acting on the other side of the 
diaphragm. The valve is pulled further from its seat when the vacuum signal applied 




2.3.2 EGR cooling system 
 
 The re-circulated exhaust gas can be cooled down to reduce the NOx 
emissions. Meanwhile, reduction for radiators is possible up to 50% following the 
design accordingly.  Cooling the re-circulated exhaust gas is one of the ways to 
reduce the emissions that caused pollution; without significant additional fuel 
consumption. NOx generation can be reduced by lowering gas temperature in the 
combustion chamber. To achieve this, a specially developed EGR cooler is installed 
between the EGR valve and the intake manifold entry point for the exhaust gas. It 
uses water as a cooling medium to reduce the exhaust gases temperature and the 
amount of pollutants. It is believed that it is more effective than using air as a cooling 
medium. Exhaust emission NOx decreased but the particulate matter concentration in 
the exhaust gases increased when cooled EGR rises in ratio (Nidal 2002). 
 
 A system with controlled EGR cooling system combined with a controlled 
engine cooling system shows that it decreased the warm up times for fast warm up of 
after treatment devices, decreased power consumption, and gave better engine 
temperature control (Chalgren et al. 2007). Using a cooled EGR system raises the 
density of the intake air thus, the amount of air entering the combustion chamber 
increases.  A complete combustion then is achieved, thereby reducing the generation 
of PM.  
 
2.4 HEAT EXCHANGER  
 
 Heat exchanger is equipment that transfers heat from one medium to another. 
It is also a device where two moving fluid streams exchange heat without mixing. 
Different heat transfer applications require different types of hardware and different 
configuration of heat transfer equipment. The most basic heat exchanger is double 
pipe heat exchanger. This type of heat exchanger consists of two concentric pipes of 
different diameters (Chengel 2006). Heat is transferred from the hot fluid to the cold 
condition through the wall separating the fluids. Yunus A.Chengel (2007) asserted 
the conservation of mass principle for a heat exchanger in steady operation requires 
that the sum of the inbound mass flow rates. The principle can also be expressed as 
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the following, ‘under steady operation, the mass flow rate of each fluid stream 
flowing through a heat exchanger remains constant’ (Chengel et al. 2007) 
 
 Heat exchanger is a device that makes the flow of thermal energy between 
two or more fluids at different temperatures. Heat exchanger is used in a wide variety 
of applicants. These include power production, waste heat recovery, manufacturing 
industries, air-conditioning, refrigerant and many more. 
Heat exchanger may be classified according to; 
 
1. Recuperators/ regenerators 
2. Transfer process: direct contact and indirect contact 
3. Geometry of construction: tubes, plates, and extended surfaces. 
4. Heat transfer mechanisms: parallel flow and counter flow. 
 
2.4.1 Recuperation and Regeneration 
 
 Recuperator is a conventional heat exchanger where it transfers the heat 
between two fluidswith heat transfer between two fluids because the hot stream A 
recovers (recuperates) some of the heat from stream B (Figure 2.6). The heat transfer 
occurs through a separating wall or through the interface between the streams as in 





Figure 2.6: Recuperator 
 
Source: Sadic Kakac and Hongton Liu (2002) 
 
 
